The antimicrobial peptide protegrin-1 (PG-1) interacts with membranes in a manner that strongly depends on membrane lipid composition. In this research we use an approach representing the outer layers of bacterial and red blood cell membranes with lipid monolayers and using a combination of insertion assay, epifluorescence microscopy, and surface x-ray scattering to gain a better understanding of antimicrobial peptide's mechanism of action. We find that PG-1 inserts readily into anionic dipalmitoyl-phosphatidylglycerol, palmitoyl-oleoyl-phosphatidylglycerol, and lipid A films, but significantly less so into zwitterionic dipalmitoyl-phosphatidylcholine, palmitoyl-oleoyl-phosphatidylcholine, and dipalmitoyl-phosphatidylethanolamine monolayers under similar experimental conditions. Epifluorescence microscopy shows that the insertion of PG-1 into the lipid layer results in the disordering of lipid packing; this disordering effect is corroborated by grazing incidence x-ray diffraction data. X-ray reflectivity measurements further point to the location of the peptide in the lipid matrix. In a pathologically relevant example we show that PG-1 completely destabilizes monolayer composed of lipid A, the major component in the outer membrane of Gram-negative bacteria, which is likely to be the mechanism by which PG-1 disrupts the outer membrane, thus allowing it to reach the target inner membrane.
A
ntimicrobial peptides secretion is a part of a natural immune response of many living organisms. These peptides mount a rapid response to infection by diverse bacterial species. For many antimicrobial peptides, it appears that the main target is the lipid bilayer itself, rather than some specific protein receptor(s) within the cell membrane (1) (2) (3) . Since D-enantiomers of antimicrobial peptides frequently exhibit similar activity to their Lcounterparts (4-6), they evidently interact with achiral components of the cell membrane.
Despite the growing interest in these peptides, the molecular mechanism involved in antimicrobial peptide-mediated rupturing events of pathogenic cell membranes still remains unclear. Three models of membrane rupturing mechanisms have been proposed to date: barrel-stave, carpet, and toroidal. According to the barrelstave model (7) (8) (9) (10) (11) , peptides bound to membrane recognize each other and oligomerize, and the oligomer inserts into the hydrophobic core of the membrane, forming a transmembrane pore. Upon oligomerization, antimicrobial peptides orient themselves, allowing the hydrophobic surface to interact with the hydrophobic core of the membrane and the hydrophilic surface to point inward to create a hydrophilic pore. The carpet model (12) (13) (14) suggests that antimicrobial peptides initially bind to and cover the surface of the target membrane. The electrostatic interaction between the peptide and the lipid head group imposes strain in the membrane, and membrane permeation is induced only at sites where local peptide concentration is higher than certain threshold values. In the toroidal model (15) (16) (17) , peptides similarly bind and interact with lipid head groups, imposing a positive curvature strain on membranes (e.g., magainin 2) and producing channels where the polar headgroup region expands to form ''toroidal'' pores. The activity of these antimicrobial peptides is not always caused merely by the breakdown of the permeability barrier in microbes (14, 18) . Other membrane-dependent processes, such as translocation of cytotoxic peptides across the membrane to the cytoplasm and facilitation of transbilayer lipid diffusion (which leads to the loss of lipid asymmetry in the membrane), may also be involved in the action of some of these peptides (19) .
An intriguing feature of these peptides is their ability to distinguish prokaryotic from eukaryotic cells. The lipid composition on the surface of a prokaryotic cell is rather different from that of an eukaryotic cell (20) . The outer leaflet of mammalian cell membranes mainly comprises phosphatidylcholine (PC), sphingomyelin, and cholesterol, which are charge neutral at physiological pH. In contrast, bacterial membranes include substantial amounts of negatively charged phospholipids, such as phosphatidylglycerol and cardiolipin (21) . In Gram-negative bacteria, the outer leaflet of their outer membrane bilayer consists mostly of lipopolysaccharide, a polyanionic molecule.
To elucidate the mechanism by which antimicrobial peptides carry out their activity, it is crucial to obtain a better understanding of the interaction between them and the lipids found in cell membranes. Fig. 1 is an electron micrograph of Escherichia coli cells exposed to a ␤-sheet antimicrobial peptide, protegrin-1 (PG-1). The outer membrane is greatly expanded and thrown into numerous folds (microvilli) that are absent in untreated controls. This work examines the interaction between PG-1 and a series of model lipid monolayers used to simulate the outer leaflet of cell membranes. To monitor the level of insertion of PG-1 into these monolayers, we have carried out Langmuir trough experiments and recorded relative changes in surface area of monolayers held at constant surface pressure after the introduction of PG-1 into the subphase. We have also assessed the subsequent effects on the film's surface morphology with epifluorescence microscopy. Our results indicate that PG-1 molecules insert into membranes at a significantly higher degree if they are composed of negatively charged phospholipids, rather than zwitterionic lipids. We have observed drastic destabilization effects on lipid A monolayers, which point to a possible mechanism by which the peptide is able to penetrate to the inner membrane to carry out its lytic activity on Gram-negative bacteria. Grazing incidence x-ray diffraction (GIXD) data clearly shows that the presence of PG-1 disrupts lipid ordering, whereas x-ray reflectivity (XR) measurements carried out on a negatively charged dipalmitoyl-phosphatidylglycerol (DPPG) film after peptide inser-tion further allow us to obtain molecular-level information on how the protegrin peptide associates with the lipid film.
PG-1 is an 18-aa, amidated peptide (NH 2 -RGGRLCY-CRRRFCVCVGR-CONH 2 ) originally isolated from porcine leukocytes (22) . Protegrins are part of the porcine immune system and appear to be functionally analogous to defensins in humans (23) and circular (theta) defensins in the rhesus monkey (24) . NMR studies showed that PG-1 adopts a one-turn ␤-hairpin structure that includes two disulfide bonds (25, 26) .
In vitro, PG-1 is known to be toxic for many bacteria including E. coli (22) , Listeria monocytogenes (22, 27) , and Neisseria gonorrhoeae (28, 29) . It also kills the fungus Candida albicans (22, 30) and can protect cells from in vitro HIV infection (31) . PG-1 has been found to cause ionic leakage or channel formation in planar lipid bilayers (32) . Moreover, channel formation is favored at a negative transmembrane voltage, which mimics the membrane potential of a microbial target cell. Experiments show that channel activity and conductance are enhanced by the presence of lipopolysaccharide, suggesting that Gram-negative bacterial outer membranes may be especially sensitive to PG-1 action (32) .
Interestingly, PG-1 reacts with erythrocytes from some eukaryotes, but not others. Recent studies have indicated that PG-1 shows hemolytic activity toward human erythrocytes (33), but not against red blood cells from goat or sheep. The differences may result from the different lipid compositions of these cells. Phosphatidylethanolamine (PE), for example, accounts for 33.3% of human erythrocyte membrane mass, but composes 47.3% and 67.8% of goat and sheep erythrocytes, respectively (34) . Moreover, PC is absent in goat and sheep erythrocyte membranes, but makes up 30.3% of the lipid composition in humans (34, 35) . Can these variations in membrane lipid composition account for the difference in PG-1 activity observed in the various red blood cells?
Various lipid systems have been examined in this study. To address the question on red blood cell selectivity, we have examined the interactions of PG-1 with zwitterionic dipalmitoyl-PE (DPPE) and dipalmitoyl-PC (DPPC). Since the outer layers of bacterial membranes are predominantly negatively charged, and in most cases contain substantial amounts of phosphatidylglycerol, we have chosen DPPG as a model lipid system for bacterial membranes. Although these saturated phospholipids are excellent model systems to address the effect of headgroup charge on PG-1 insertion, biological membranes comprise a significant amount of unsaturated lipids. Therefore, we have also examined the interaction between PG-1 and unsaturated lipids such as palmitoyl-oleoyl-PC (POPC) and palmitoyl-oleoyl-phosphatidylglycerol (POPG). As the outer leaflet of the outer membrane of Gram-negative bacteria contains lipopolysaccharide, whose lipid anchoring portion, lipid A, is a complex molecule consisting primarily of fatty acids and phosphate groups bonded to a carbohydrate backbone, lipid A was used to model the action of PG-1 on Gram-negative bacteria.
Materials and Methods
Langmuir Trough and Epifluorescence Experiments. All surface pressure-area isotherms were collected by using a Teflon Langmuir trough equipped with a Wilhelmy plate. The home-built Teflon Langmuir trough (27.5 cm ϫ 6.25 cm ϫ 0.63 cm) equipped with two identical mobile Teflon barriers (l ϭ 6.25 cm) enables compression or expansion of monolayers spread at the air-water interface, thereby increasing or reducing the surface pressure (defined as the difference in surface tension between a pure interface and one with a monolayer), respectively. Dulbecco's PBS without calcium and magnesium was used as the subphase. The subphase temperature was maintained at 30°C Ϯ 0.5°C through the use of a homebuilt control station comprised of thermoelectric units joined to a heat sink held at 20°C by a Neslab Instruments (Portsmouth, NH) RTE-100 water circulator. A resistively heated indium tin oxide-coated glass plate was placed over the trough to minimize dust contamination, air currents, and evaporative losses and to prevent condensation of water on the microscope objective.
The Langmuir trough is positioned on translation stages that permit scanning along the air-water interface in the x, y, and z directions. This assembly is fixed to a custom-built microscope stage for simultaneous epifluorescence microscopy with a ϫ50 long working distance objective lens. Excitation between 530 and 590 nm and emission between 610 and 690 nm was gathered through the use of a HYQ Texas red filter cube; 0.5 mol% of lipid-linked Texas-red (TR-DHPE) dye from Molecular Probes was incorporated into the spreading phospholipid solutions. Because of steric hindrance, the dye partitions into the disordered phase, rendering it bright and the ordered phase dark. Images from the fluorescence microscope were collected at a video rate of 30 frames per s by using a silicon intensified target camera and recorded on SuperVHS-formatted videotape with a recorder. This assembly permits the monolayer morphology to be observed over a large lateral area while isotherm data are obtained concurrently. The entire apparatus is set on a vibration isolation table.
DPPE, DPPC, DPPG, POPC, and POPG were purchased from Avanti Polar Lipids, and lipid A (diphosphoryl, from E. coli F583) was purchased from Sigma-Aldrich. All lipids were used without further purification. The synthesis of PG-1 has been described (26) . Monolayers of DPPE, DPPC, DPPG, POPC, and POPG phospholipids were deposited quantitatively from chloroform (Fisher Spectranalyzed) solution, whereas lipid A was deposited from 74:23:3 chloroform͞methanol͞water solution.
To determine under what lipid packing conditions PG-1 would insert into model lipid systems, the monolayer was compressed to a predetermined pressure by two symmetrical barriers. The pressure was maintained to within Ϯ0.2 mN͞m throughout the experiment with a built-in feedback system. PG-1 was dissolved in 0.01% acetic acid to a concentration of 1 mg͞ml. To examine the interaction between the peptide and the lipid monolayer, an aliquot of the PG-1 solution was injected into the buffer subphase, resulting in a final PG-1 concentration of 0.025 mg͞ml. This peptide concentration was used to match with condi- tions used in examining lytic activities PG-1 in live cells. The relative change in area per molecule, ⌬A͞A, was monitored during and after the introduction of the peptide into the subphase. With the surface pressure held constant, any increase in ⌬A͞A after injection indicates insertion of the peptide into the phospholipid monolayer because the peptide is taking up space at the interface. The level of peptide insertion therefore correlates with the level of increase in ⌬A͞A.
X-Ray Scattering Experiments. XR experiments were carried out at beamline X19C of the National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY, using a custombuilt liquid surface diffractometer (36) with incident wavelength of ϭ 1.54 Å. A sealed and thermostated Langmuir trough equipped with a Wilhelmy balance was supported on a vibration isolation stage on the diffractometer. Compression of the monolayer was achieved by moving a motorized Teflon ribbon. Both the trough and the ribbon assembly were enclosed in temperature-controlled aluminum housing with a Kapton window.
The monochromatic x-ray beam was deflected toward the water surface via Bragg reflection from a Si(111) crystal. The x-rays were collimated with a set of four-jaw slits. These slits were always set to optimize the resolution in the scattering plane while increasing the signal by lowering the resolution out of the scattering plane. A beam monitor before the sample provided data for the normalization of the incident beam intensity. The reflected beam intensity was measured with a NaI scintillation detector as a function of incident angle. Calibrated attenuators between the sample and the detector were inserted and removed as necessary during the course of the XR scan to use only the linear regime of the detector.
GIXD experiments were carried out at the ID 10B Tröika II beamline at European Synchrotron Radiation Facility, Grenoble, France (37). The Langmuir trough was equipped with a moveable single barrier, and the surface pressure was measured with a Wilhelmy balance. The vessel containing the trough was sealed and filled with a flow of water-saturated helium to reduce evaporation of the subphase and parasitic scattering from the air.
To perform GIXD measurements the downstream mirror was used to set the angle of incidence ␣ i onto the air͞water interface at ␣ i ϭ 0.85 ␣ c , where ␣ c is the critical angle for total external reflection. The diffracted beam was detected by a linear positionsensitive detector (PSD) that records an intensity profile as a function of the vertical scattering angle. A Soller collimator in front of the PSD provided a horizontal resolution of ⌬Q xy ϭ 0.006 Å
Ϫ1
.
Results

Peptide Insertion Measurements.
Insertion studies were first performed on DPPE, DPPC, and DPPG monolayers; isotherms of pure DPPE, DPPC, and DPPG are shown in Fig. 2 . Insertion behavior at various constant pressures has been examined. Here, we present results obtained at 20 mN͞m before and after introducing PG-1. Different levels of insertion of the peptide into the lipid layer were found, with DPPE being the least affected by PG-1 and DPPG the most affected. With DPPE monolayers, the area per molecule changed only by 11% after injection of PG-1 into the subphase (Fig.  3, solid line) . With DPPC films, the area per molecule increased by 59% (Fig. 3, dashed line) . PG-1 inserted much more extensively into DPPG monolayers, increasing the relative area per lipid molecule by 121% (Fig. 3, dotted line) . Unlike bacteria, outer leaflets of red blood cell membranes do not contain significant amounts of anionic phospholipids. Consequently, the very low level of PG-1 interaction with DPPE monolayers, the substantially lower level of PE in human erythrocytes, and the absence of PC in sheep and goat may explain why the peptide lyses human red blood cells, but not these of sheep and goat (34) . Since all three lipids bore identical acyl chains, yet showed different insertion affinities for PG-1, we concluded that phospholipid headgroups were crucial sites for initial interactions with PG-1.
An estimate of the PG-1͞lipid ratio at the interface can be deduced from these experiments, given the initial and final areas, as well as the previously determined dimensions of the peptide from NMR data (Ϸ8 Å in diameter and 30 Å in length) (26) . In the case of DPPG, if we assume similar area occupied by each lipid molecule before and after PG-1 insertion, the PG-1͞DPPG ratio is found to be 1:3 at 20 mN͞m under constant pressure conditions. Similar insertion assays can be carried out by first compressing the film to 20 mN͞m, followed by injection of PG-1 into the subphase under constant area conditions, with subsequent PG-1 insertion resulting in a pressure increase under constant area conditions. A much reduced PG-1͞DPPG ratio of 1:17 is found if the long axis of the peptide is assumed to be perpendicular to the interface, and a ratio of 1:20 if parallel. Given the same initial surface pressure, it should not be surprising that the level of peptide incorporation is larger for constant pressure experiments with the packing density remaining constant throughout the experiment. In contrast, the surface pres- sure increases upon peptide insertion in the constant area case, resulting in a more tightly packed film and hindering subsequent peptide incorporation into the monolayer.
To better mimic biological membranes, we carried out insertion studies using lipids with unsaturated tails to enhance the fluidity in the system. Fig. 4 shows the insertion profiles of PG-1 into POPC and POPG monolayers at 30 mN͞m. Similar to their saturated counterparts, PG-1 inserts much more readily into phosphatidylglycerol versus PC monolayers. Although PG-1 barely inserts into DPPC at this pressure (data not shown), it is capable of inserting into POPC monolayers to a small extent (7%) and into POPG film to a large extent (33%). This finding clearly demonstrates that the increased fluidity of the film afforded by the unsaturated tails significantly eases PG-1 insertion.
A completely different insertion profile has been observed with lipid A monolayers. The isotherm of pure lipid A is shown in Fig. 2 . Upon injection of PG-1 into the subphase underneath a lipid A monolayer at a surface pressure of 20 mN͞m, the area per molecule increased by 117% (data not shown), which is comparable to PG-1 insertion level to another negatively charged lipid, DPPG (121%). Although protegrin does not insert into DPPC or DPPG monolayers at 35 mN͞m, PG-1 penetrates readily into lipid A monolayers at this pressure and has a profound effect on the film stability (Fig. 5) . In the first 5 min after introduction of PG-1 into the subphase, the area increases by 12%, then gradually decreases to below the original value before PG-1 injection. One possible explanation for this phenomenon is that there exists a threshold concentration for PG-1 insertion, beyond which results in destabilization of the lipid A film. The ability of PG-1 to destabilize the lipid A monolayer points to a possible mechanism by which PG-1 permeabilizes the outer membrane of Gram-negative bacteria, thus getting access to the inner membrane that constitutes the real target for lytic activities.
Epifluorescence Microscopy Measurements. The surface morphology of these insertion events was monitored by using epifluorescence microscopy. DPPE monolayers at 20 mN͞m show a slight change in their surface morphology after PG-1 injection, displaying a small increase in the bright disordered phase between dark domains of ordered condensed phase (Fig. 6 A and  B) . This finding indicates a small degree of interaction between PG-1 and the PE monolayer. In contrast, DPPC monolayer insertion results at 20 mN͞m (Fig. 6 C and D) show a significant change in the lipid layer morphology after peptide insertion. A substantial transformation of their dark (ordered) lipid domains into bright (disordered) ones is consequent to the ability of PG-1 to insert into the PC monolayer and disrupt phospholipid ordering. Peptide-induced morphological changes are prominent in DPPG monolayers as well (Fig. 6 E and F) . DPPG monolayers showed arrays of dark branched condensed (ordered) domains separated by bright ''fluid'' (disordered) phase (Fig. 6E) . Immediately after injecting PG-1, the bright areas increased progressively, and by 30 min (Fig. 6F) , condensedphase domains greatly decreased in size, with the majority of the film in a peptide-rich fluid phase. Epifluorescence measurements on POPC, POPG, and lipid A at the same pressure did not show any phase separation because its unsaturated hydrocarbon chains could not pack densely and remained disordered at this surface pressure and temperature.
X-Ray Measurements. To examine the effect of PG-1 insertion on lipid packing and to assess the location of the peptide in the liquid matrix, we carried out x-ray scattering studies at room temperature on the DPPG͞PG-1 system that has shown the largest extent of peptide insertion. Before PG-1 injection DPPG was compressed to ͟ ϭ 20 mN͞m and kept at a constant area. GIXD and XR measurements were performed on a pure DPPG monolayer before PG-1 insertion and after the system has equilibrated after protegrin injection.
The GIXD data for the DPPG film at 20 mN͞m before and after the injection of PG-1 are shown in Fig. 7 as solid and dotted lines, respectively. Pure DPPG data yield two Bragg peaks from the condensed phase at Q xy ϭ 1.36 Å per DPPG molecule. Analysis of the Bragg rod profile gives a molecular tilt of 33°for the lipid molecules in the condensed phase that give rise to these scattered peaks. As clearly shown in Fig. 7 , introduction of PG-1 resulted in the complete disappearance of the Bragg peaks (dotted line in Fig. 7 ). This finding points to the disordering of the lipid packing upon PG-1 insertion and corroborates our epifluorescence microscopy results of the reduction in area fraction of the dark condensed-phase domains conducted at 30°C (Fig. 6 E and F) . Decreases in Bragg peak intensities in DPPC and DPPE monolayers after PG-1 injection have also been observed. Unlike for the DPPG case, the peaks for DPPC and DPPE do not completely disappear: those of DPPC suffer a large degree of intensity loss, whereas that of DPPE decreases only by a small amount. These results agree well with the extent of insertion observed in constant pressure and epifluorescence microscopy measurements conducted at 30°C. It should be pointed out that the intensity of the Bragg peak can have a small variation from scan to scan because of possible inhomogeneity in domain distribution on the monolayers.
XR is determined by the Fourier transform of the gradient of the electron density perpendicular to the liquid surface, and thus yields monolayer's electron density profile perpendicular to the interface (38) . Analysis of the reflectivity data were performed by modeling the interface as a stack of slabs with different electron densities, i ͞ s , and thicknesses, L i , and applying a least-squares fit to the experimental data. Here i identifies the slab, with t signifying the tail region, h the headgroup region, and p the pure peptide adsorption region when referring to different slabs in the paragraph that follows. s is the subphase electron density.
The XR data for pure DPPG film (Fig. 8, squares) were best fitted with a two-slab model yielding a hydrocarbon tail density ( t ͞ s ) of 0.92 and a hydrocarbon tail slab thickness (L t ) of 12.3 Å, as well as a headgroup electron density ( h ͞ s ) of 1.30 and headgroup slab thickness (L h ) of 8.4 Å (Fig. 8, solid line) . The reflectivity profile changed dramatically after PG-1 was introduced ( Fig. 8, circles) . Extensive fitting of the data indicates that they can no longer be adequately represented by a two-slab model, but good agreement can be achieved with a three-slab model (Fig. 8, dashed line) . The first slab ( t ͞ s ϭ 1.22 and L t ϭ 13.9 Å) corresponds to the lipid tail region, whereas the second slab ( h ͞ s ϭ 1.27, L h ϭ 7.0 Å) corresponds to the headgroup region of the DPPG monolayer. As PG-1 has an electron density larger than that of the hydrocarbon tail region but smaller than that of the headgroup region, the decreased electron density of the headgroup region and the increased density of the aliphatic tail area upon PG-1 injection are indicative of insertion of PG-1 into the DPPG film. Apart from the peptide insertion into the lipid monolayer indicated by the change in electron densities in the first two slabs, our analysis shows an additional third slab ( p ͞ s ϭ 1.07, L p ϭ 27.2 Å) is needed to adequately fit the data. This additional slab most likely signifies the adsorption of PG-1 underneath the DPPG monolayer.
We conclude from the above that PG-1 both inserted into the DPPG membrane and adsorbed to its surface. The sum of the first two slabs gave a total thickness of L 1 ϩ L 2 ϭ 20.9 Å, equivalent to that of a pure DPPG monolayer (20.7 Å). Because of its two disulfide bonds, the central portion of PG-1 (residues 6-16) is relatively restricted in shape and the physical dimensions of a PG-1 molecule are Ϸ8 Å wide by 25 Å up to 35 Å long (26) . Thus, the measured thickness (27 Å) of the additional third slab suggests that the peptide likely orients with its long axis perpendicular to the interface, just as the increased electron density of the tail region indicates at least partial insertion of some protegrin molecules.
Conclusions
Overall, our data suggest that the ability of PG-1 to bind and perturb monolayers of lipid A and phosphatidylglycerol equips it to preferentially damage the membranes of bacteria over those of eukaryotic cells. The degree of PG-1 insertion into anionic DPPG, POPG, or lipid A monolayers is significantly larger than that of zwitterionic DPPE, DPPC, and POPC. The disordering effect on lipid packing upon PG-1 insertion has been observed at 20 mN͞m by epifluorescence microscopy and GIXD experiments, with the degree of disruption corresponding to the extent of PG-1 incorporation. Although PG-1 completely disrupts the structure of anionic DPPG, it significantly disorders the lipid structure of zwitterionic DPPC, but only affects that of zwitterionic DPPE marginally. The activity of PG-1 is therefore quite different from that of the ␣-helical antimicrobial frog skin peptide PGLa reported recently to disrupt only the structure of anionic monolayers, but not that of zwitterionic ones like DPPC (37) . The small degree of protegrin interaction with DPPE and the nature of its interaction with DPPC may explain the targeting selectivity of PG-1 for DPPC-rich human erythrocytes over DPPE-rich, DPPC-deficient sheep and goat erythrocytes. The reflectivity data indicate that PG-1 both inserts into and adsorbs to the DPPG monolayer. Most intriguingly, insertion of PG-1 leads to the complete destabilization of lipid A films.
Bacterial membranes are important for maintaining microbial homeostasis, metabolism, and viability. The present studies suggest that the deleterious effects of PG-1 on Gram-negative bacterial membranes are dictated largely by the abundance of lipid A and anionic phospholipids in microbial outer and inner membranes. Just as the insertion of PG-1 into lipid A monolayers can explain its ability to expand and permeabilize the outer membrane of E. coli, similar effects on phosphatidylglycerol-rich monolayers could contribute to its ability to permeabilize the inner (cytoplasmic) membrane. This inherent ability to ''recognize'' and interact with structures or structural patterns that are intrinsic to microbes and absent in eukaryotic cells may augur well for the development of protegrins and other antimicrobial peptides as future therapeutic agents.
